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ABSTRACT

There are many bridges in Virginia with high traffolumes or difficult access
conditions which make these bridges difficult angensive to inspect. In addition, the
inspection of many bridges exposes the inspeatdnazardous conditions such as the risk of
collision from adjacent traffic or access to looas where a fall would result in severe injury or
death. There is a need for a tool to help inspexsd bridges that is safer, less disruptive and
more efficient. This report documents the concdptaaign of a robotic platform for bridge
inspection. The project focused on developing H#quia for inspecting steel bridges but could
be modified to enable inspection of concrete bisdagwell. The conceptual design has been
based upon application to the Route 81 bridge theedames River as a "typical” bridge to
which this system could be applied. The report =te®f a literature review in the area of
robotic inspection, a requirements analysis ofcdggabilities of such a system, a conceptual
design for a robotic inspection platform, a costddg analysis and an outline for a follow on
project that would produce a prototype system.&baltation with VDOT yielded design
requirements leading to the proposed conceptuanigesesented in this report.
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INTRODUCTION

The main reasons for considering this robotic @asjpn technology are to improve the
safety and efficiency of the bridge inspection s This paper identifies various inspection
technologies being used in other industries. Tipaloiities of these systems are discussed as
well as the key components and concepts. The irgeatdocument that robotic inspection
technology is a viable approach to bridge inspectiod that much of the subsystems that would
be required to implement such a capability alreadgt and are readily available. Consequently,
this project would be much more the integratioexikting technologies than the development of
totally new technologies. The technical risk isréfiere minimal and manageable and more than
offset by the potential benefits that such a systemld offer.

By far, the most common approach to bridge inspadti Virginia, and the rest of the world, is
visual inspection by trained and experienced ingwscTo perform these inspections, these
individuals must have visual access to the bridgkiss components. This becomes difficult and
time consuming when the bridge is extremely longpans over an area where the underside
cannot be easily seen. It can also require theeispto reach locations that are hazardous.
Many bridges are high and span dangerous rivellgygaroadways, railroads and other
features. Visual inspection requires the inspetctdook at all of the locations where a problem
is likely to occur. To reach these locations spleaispection trucks and under bridge access
equipment is used. These are often placed onritigeband enable the inspector to access the
underside of the bridge. These trucks, and assatwabrk zones, can lead to delay or even a
stoppage of traffic across the bridge resultingangestion in many areas. Consequently, there is
reluctance to employ this method on bridges whighegence a large amount of traffic on a
regular basis. This access equipment is very exgenasd only a few of these trucks are
available throughout Virginia and the trucks tha available are constantly being used. This
high demand can lead to bridges being inspectedquéntly due to scheduling issues.
Developing a robotic inspection platform, as congalized in this report, would address these
limitations by enabling inspections of bridges frime underneath, without the need to disrupt
traffic and also reduce the risks to the inspectbing expected capabilities of this system have
many advantages over current methods.



There have also been many recent developmentsistgal health monitoring and
bridge evaluation that are based upon placing semsobridges. It is expected that this robotic
system will not only be able to inspect bridgesyilt also have the capability ability to place
sensors on a bridge and would therefore help ertablase of the best available solutions for
bridge health monitoring and diagnosis. This idipalarly advantageous because the robotic
system will be able to place sensors in hard tolrggaces without exposure to hazardous
locations or stopping traffic. Very often, senptacement is dictated more by access limitations
than placement at optimal locations. A roboticfplah would allow the inspector to place
sensors where they need to go rather than wheyectirereach.

The conceptual designed was driven by requirentbatsvere considered essential by VDOT as
well as those that were considered desirable. Tieegerements address factors such as cost,
complexity, range, and type of information needeus report documents a conceptual design of
a robotic inspection platform and presents a pregegork plan so that this work can be
conducted in the near future.

Because the cost and the time it would take toldewee bridge inspection platform prototype
could be significant, it was considered more sdagibreview the literature and current
practices related to inspection robots being usexther industries and then bring together
already developed concepts and elements from \&anmihods in order to formulate a
conceptual prototype. The next section briefly swaripes the literature review which was
conducted in this research.

Literature Review

The literature review looked at other industriesclirare currently using robotic
inspection and reviewing current inspection pragic

Storage Tanks
External Corrosion Detection

A number of research projects have been conductéd area of developing a robot for
the inspection of above-ground storage tanks. Relses have experimented with different
locomotion and adhesion mechanisms. A major chgdéles that the walls are not designed for
robots to move across. These storage tanks ateblyuilelding rectangular sections of steel
plates together which creates seams around thndieneters is length at the joints. There are
also often staircases on the exterior of the tavtksh provide additional challenges for a robot
to traverse. Due to the difficulty which arises da¢hese obstacles, locomotion techniques such
as walking have dominated researcher's attentioereThave been a number of walking type
locomotion robots which have been developed buté&sign and control complexities involved
make them very impractical in most applicationsavding type locomotion, which is faster and
less complex, is commonly used in applications fcmspection and maintenance of above-
ground storage tanks.



The main task of an above-ground storage tanlent&m robot is to protect the tanks
from unexpected leaks which could occur due toasion and pitting in the tank walls. Routine
checkups require a lot of time and capital whiatthfer emphasizes the need for automation.
Love P. Kalra and Jason Gu have developed an anmmmcrawling type wall climbing robot
which uses permanent magnets as an adhesion mechtnclimb the walls and perform all of
the inspection operations independently.

The robot consists of a box shape aluminum fraimnee train, motors, and tracked
wheels complete with permanent magnets. The tamaisly inspected to sense internal flaws.
This can be done through ultrasonic or eddy-cusensors. These methods allow the detection
of internal flaws without destroying the materidiiah is being tested. The main challenge with
developing a climbing robot for above-ground stertank inspection is coverage. Researchers
such as Love P. Kalra and Jason Gu have develapedage algorithms which attempt to
address this problem. Their algorithm divides tha&ce into a uniform grid with each cell the
size of the sensor (Kalra, 2007). Their robot hesntested and is successful in inspecting of
above-ground storage tanks.

Internal Corrosion Detection

There is also much research in the area of roldbwe ground storage tank inspection
from the inside of the tank. Current inspectiorhteques involves emptying the tank which is
expensive and time consuming. The inspection teclenaddressed in this section offers a more
cost-effective and timely solution to the continunspection of areas which are hard to reach in
above-ground storage tanks. One such robotic systaoh has been developed in such a way is
the Neptune system. This system incorporates vanaootic mechanisms and inspection
techniques to accurately determine the integritthefabove-ground storage tank without having
to empty the tank. The Neptune above-ground stareggpection system involves immersing
sensors in the petroleum product and then usingpvathd ultrasonic to ascertain from the inside-
out the state of corrosion of the side-walls ad a&kthe floor (Schempf, 1995). This process
helps eliminate emptying or cleaning the tank al$ &enot requiring humans to walk through
the tank and inspect it manually. The Neptune systas been tested and has been successfully
demonstrated to the U.S. Army Corps of Engineessalisas industries interested in using the
technology such as Exxon and Mobil. Robotic systeuth as the Neptune system are able to
inspect tanks from the inside so that the tanksaaatid floors can be successfully inspected.
Above-ground storage tank inspection methods arg &mple and understanding them can
lead to successfully implementing a robot for beidigspection.

Pipelines

The reliability and durability of main gas linesaf extreme importance for a successful
operation of gas transporting plants. Aging gasdirequire constant inspection because the
smallest defect could turn into a major problenchlyi. The evaluation of these lines is the main
problem in this industry. Corrosive damage on tladisiof the pipes is the main cause of
emergency failure. A pipeline inspection gaugenis way to successfully inspect these gas lines.
These PIGs often travel at high speeds and callgthus inspection information along their
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journey inside of the pipeline. The main benefitising a PIG is that it does not require stopping
an operation. The first step in using a pig is ipigdt into the pig launcher. The launcher is then
closed and the pressure inside the pipe is uspddio it along until it reaches the receiving trap
or pig catcher. These PIGs have been used for yearg in cleaning large diameter pipes in the
oil industry. Current research involves creatin@$&Which are able to inspect small diameter
piping so that efficiency can be maximized. PIGgsmiuse technologies such as magnetic flux
leakage and ultrasonic detection to inspect pipBame PIGs even use calipers to measure the
geometry of the piping as well.

Ship Hulls

Ship hull inspection is an area where roboticerddf considerable advantage in terms of
cost and time taken during an inspection. Shipinsjpections are currently conducted at 5, 2.5,
1 year intervals or when needed (Menegaldo, 200%)se inspections are currently executed
through one of two methods. The first involves dogkhe vessel, emptying the tanks, and
doing visual inspection and the second involvesyapyp nondestructive testing techniques
without discontinuing the ship's operation. Bothitese methods have significant downsides
which is why there has been much research in theldgment of a mobile robot for ship hull
inspection.

There are few systems which are able to inspdbtdny and underwater parts. One such
design is presented by Caralho et al. where thet fotates over the hull via four magnetic
wheels (Menegaldo, 2009). The robot carries a vadgnera as well as an eight-channel US
system. There are other similar robots worldwidéctvinave served a similar application but
they are often too costly and confusing for pradtapplication. Likewise, there currently robotic
systems which are capable of solely inspectingltiggoart of the ship hull. These robots
typically consist of a crawler driven by two magoétacks which are specially designed to offer
a high coefficient of friction (Menegaldo, 2009ni3 high coefficient of friction helps the robot
operate vertically where there is no thrust foroafthe water. Ship hull inspection below the
water is the current area where most researchestgian has been given.

There is currently a project being developed bgidno Menegaldo which is capable of
performing United States inspections and possitileracnondestructive inspection techniques on
ship hulls underwater. This project representdatest in this area of development. The robot
uses a pair of magnetic tracks for adhesion taithe of the ship hull. These tracks give the
robot the ability to surpass certain obstacles sigcharnacles and welds that have a high
probability of being encountered. A Labview applica installed in the robot allows the
operator to view the robot's camera images and cedlwith precise measurements help
successfully learn the status of the ship hullfd@@on. The robot is powered through a cable
connecting itself to the ship's power source. Pnggoosed robot for ship hull inspection has
shown successful locomotion and adhesion behavilabioratory tests but has not yet been used
commercially.

Cable I nspection Robots



Above Ground Power Line Cable Inspection

The most popular form of power line inspectiondlves manual inspection which is
slow, hazardous, expensive, and often unreliab&réifik, 2008). There has also been talked of
using an UAV or an unmanned Aerial Vehicle for povuge inspection. This would involve a
small helicopter autonomously traveling along tbever lines and finding and documenting
faults. Many organizations have recently complgtexjects aiming to create a successful
climbing robot that is able to inspect power linEse Chinese Academy of Science, in
collaboration with other academic institutions, édeen a major player in the development of
such technology. One of their most advanced preojesblves a dual-arm robot designed to
inspect live-lines at extra-high-voltage (Toussa?®09). The platform is designed to hang from
the transmission line on its two wheeled arms abitthas an optimal view of the conductors
below. The inspection process for this robot ineslthe use of a video camera which is pointed
down towards the lines. Hydro-Quebec's researdhuteshas also been a major player in the
development of a climbing robot for inspection mrainsmission lines. They developed the
LineScout which is the first and only robot of kisd which has successfully been used in the
field to date (Toussaint, 2009). The robot wad faresented by Mountambault et al and it
involves a two-wheel LineScout platform which ideato cross obstacles by deploying a two-
gripper auxiliary frame under the cable and theruseg a grasp on both sides of the obstacle
(Toussaint, 2009). The crossing sequence only tak@sninutes and it can clear objects up to
0.76 meters in diameter. The robot is developdgktoontrolled via an operator and then shift
towards an autonomous mode. LineScout relies heawilk variety of sensors for safety and
control. The successful development of the Line&shaws that the high demand of a climbing
robot for inspection of transmission lines is notng unnoticed.

Underground Power Line Cable Inspection

Underground cable networks are traditionally irctpé through the aid of a fixed
distributed sensor network or by a specializedriextan. These methods involve high cost and
low accuracy. Recent advancements in the robatthissiry indicate that mobile monitoring
could prove to be a viable alternative. Remote mooimg of underground cable systems will
also minimize inspection hazards currently facedhtaypan technicians.

Development of a mobile robot platform for undergrd cable systems has many
specific challenges such as space confinementhiveggtrictions, size, wireless communication
requirements, and adverse environmental condi{idiasg, 2002). Several mobile monitoring
applications focusing on overhead power line inspatave been demonstrated over recent
years but not many have addressed undergroundsc@btebot has currently been developed to
traverse cables with a diameter of four to eigintioeeters as well as navigate with obstacles in
its path. This robot is capable of operating autooosly or by human tele-operation by a LAN
or an internet connection. The robot consists k#dlsegments which are coupled by two freely
rotating joints. Each segment contains a pair @ lehich can hug or release the cable. The
middle segment is the location of the robotic platf's power source. The two end segments are
equipped with a sensor array. These sensors ingifrdeed sensors, dielectrometry sensors, and
acoustic sensors. The infrared is used to condtieranal analysis used to evaluate the
insulation status of the cable. The dielectromsémysors are used to gather information
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concerning the aging status of the cables by mewstire dielectric properties of insulating
materials (Jiang, 2002). Acoustic sensors are pegfelue to its non-destructive nature and
immunization to electrical interference allowingatoperate on energized cables. The major
challenge in the development of a robotic platféomunderground power cable inspection is
signal processing. A large amount of data is olethivhich in turn requires considerable
computational resources. This is difficult duehe size constraints of the robotic platform as
well as its harsh operating environment. The twimations are local signal processing and
remote signal processing. Remote signal procesgams more realistic because the size
constraints of the robotic platform make it hargtocess all of the data onboard. While the
development of robotic platforms for undergroungvpocable inspection is extremely useful for
its operation, it does not greatly benefit the digment of a robotic platform for bridge
inspection.

Cable bridge inspection

Many cable-stayed bridges in the United State® Isaown signs of damage mostly due
to their susceptibility to corrosion and wind-inédcvibrations. The most important component
of cable-stayed bridges are the cables themséllnese cables need to remain in prime
condition in order for the bridge to function sgfelThere are currently many different robots
which are used to inspect these cable bridges.

A wheel-based cable inspection robot system has developed which is capable of
climbing up and down cables in order to detectedmibns on a bridge (Wang 2004). This
method has proved superior to the conventional ogktifi visual inspection. This wheel-based
climbing robot has been produced through a nongleste evaluation program for developing
better tools to inspect locations on steel bridgés robot is composed of three equally spaced
modules. One of the modules is powered by a DC nvatde the other two are passive. The
robot has two main components which monitor thegrity of the cable. The first method is
visual inspection by a CCD camera and the secoridades measuring the magnetic flux
leakage based on damage detection. This robot catilde used for the purposes of this paper
because it is designed to ascend and descenchdrigéil cable. A robotic platform for bridge
inspection would need to be able to deal with aldetaefficiently in order to be of beneficial
use. While this cable inspection robot seems hkfpfunspection of cable-stayed bridges, a new
robot must be developed in order to serve the mapof this project.

Current Bridge I nspection M ethods
Trucks on Bridge Lowering Mechanical Arm

Although many industries continually advance ttagesof their robotics, the robot
application technologies for the maintenance ametygdiagnosis of bridges has lagged behind.
Current techniques usually involve an inspectongao the site and visually inspecting the
bridge. This inspector counts the number of craesidcrack measurements among other things.
These results are often inaccurate and the ingpgeate working in a dangerous environment.
Inspectors under the bridge usually simply weaarahat for safety. This absence of a major
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safety device could cause an industrial disastengihe bridge inspection process. The
inspectors often have to use a truck and buckeéesyso they can inspect hard to reach areas.
This system is slow in that the inspector mustiooatly be lowered and retrieved during the
inspection process.

Safety concerns have helped fuel the developofeatbotic bridge inspection systems
which utilized unmanned robotic technology. Thetsysconsists of three main parts. These
parts are a specially designed car, a guide-nradl the robot itself (Oh, 2007). This guide-rail is
located at the end of a specially designed multidige system which is attached to the specially
designed car. The robot is located on this guidearal is capable of moving long distances so it
can successfully inspect the entire area beneathriige. The robot is capable of moving up
and down by either using a scissor or sliding mema. The scissor type allows for a larger
workspace but the sliding type has smoother moiidis robotic system has been developed
and has proven to be successful. A major item withichinspection system wants to address in
the future is giving the system the technologyutomatically inspect and scan every point on
the bridge. This is currently not attainable inttthee system would take entirely too long to
perform such a task. Although this system is culyavailable, it is a lengthy process which
involves a special car on the bridge. This spexalcan potentially cause congestion on the
roadway. A bridge inspection crawling robot woulsngnate this congestion problem and also
minimize the time taken to perform such an insjecti

Magnetic-Based NDE of Prestressed and Post-TendiGoacrete Members

The Federal Highway Administration issued a regteesproposal for a research study
on the "Magnetic-Based System for NDE of PrestnesSiteel in Pretensioned and Post-
Tensioned Concrete Bridges," in April of 1995 (Gkaorpoor, 2000). This research was carried
out effectively and lead to the successful impletaigon of a robotic system which is capable of
detecting corrosion and fracture of prestressiaglsh prestressed and post-tensioned concrete
bridge members based on the principle of magnketicléakage. The system was designed so
that it could be applicable to a wide range of gpeidnembers which each contain differing
geometrical configurations. The robotic system ®alas developed to maximize the efficiency of
the inspection process by minimizing its instatiattime and removal from the bridge itself.
This project is very similar to the purpose of tbéper in that this project's main aim was to use
and extend the available knowledge and capabititgioed through past studies and
developments in the related area (Ghorbanpoor,)200@ reliability of the developed system
and field-worthiness were the two areas of mosbirtgmce during the research and development
stages.

Extensive laboratory and field tests involvinggiressed concrete members were
conducted in order to make sure the system wowddrately perform. Through testing, it was
shown that the magnetic-flux leakage techniqueddetect flaws in prestressing steel that were
equivalent to a five to ten percent loss of thessrsection. Previously developed systems had
many shortcomings which need to be addressed ar twdnaximize the efficiency of the
robotic system. The main shortcomings involve: sgse equipment weight, low testing speed
and inefficient data acquisition, difficulties invang system installation and removal, and using
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outdated electronics and computing devices. Thegtady conducted by the Federal Highway
Administration took proactive steps to address yweee of these shortcomings so that the
system developed could operate as efficiently asipte.

The robotic system's method of inspection invoivesasuring magnetic flux leakage.
Lightweight magnets were selected to provide tlggiired magnetic field as well as to keep the
weight of the system to a minimum. These magnéasvdbr monitoring of the variations of the
field due to loss of cross-sectional area of tieelstue to corrosion or fracture. The entire
robotic system is contained in a lightweight aluammstructural frame. The frame carries the
magnets, electronic components, and the contratéevConducting a test involves attaching
the frame to the test beam and controlling the omotif the frame from a remote notebook
computer through wireless communication. This wesslcommunication makes it possible to
scan the length of the girder and record and dygpla test data. This data reflects the variations
in a magnetic field induced in the concrete dueawwosion or fractures of the embedded
prestressing steel. The computer then analyzeseatisded data to accurately determine the
condition of the steel. The discussed system mdaction is extremely useful in developing a
tele-robotic platform for bridge inspection.

PURPOSE AND SCOPE

The purpose of this project is to determine thaifahbty of designing a robotic platform
for bridge inspection. This feasibility study caad to the successful implementation of a
robotic bridge inspection system which can theajygied to many bridges in Virginia which
are either difficult to inspect, or are unable &ispected due to the surrounding area's
geometry. Applying such a robotic inspection systam help increase worker safety, speed up
the inspection process, reduce traffic congestioing inspections, and increase the accuracy of
the bridge inspection process.

The scope of the project entailed conductingemdiure review on existing non-
destructive robotic inspection technology as welteviewing potential inspection methods
which are still in the development stages. Revigwirevious literature then lead to providing a
conceptual design of a proposed prototype forriepection platform. The conceptual design
process involved presenting an outline for theofwlhg main components of the project:

- Drive Assemblies
- Attachment Arms

- Module Bodies

- Camera Assembly

In addition to providing an outline for the desigithese components, a proposed project
schedule, as well as the proposed project coshatsts, are presented.

METHODOLOGY



This feasibility study was conducted through carthg a literature review concerning
robotic inspection and through collaboration witB®T. The robotic inspection platform's
inspection requirements were reached through iteimture review, as well as meeting with the
Structure and Bridge Division in VDOT. These inggatrequirements include absolute
requirements as well as desired requirements. T$yestem requirements can be seen in the
following subsections.

System Absolute Requirements

There are some absolute requirements which th@icoblatform system must be able to
accomplish. The robotic system must be as lightiateag possible. A single inspector should be
able to deploy the system while on a ladder. éngisioned that the system may be able to be
taken up a ladder by an inspector using a back@duek system will then need to be able to
attach to one girder. Attaching the system to argeginstead of spanning the bridge may be
more challenging to design, but this ensures tetegyis as small and lightweight as possible.
The system will then be able to cross piers witldmlay. This will be accomplished through a
well thought through design process. The systemraeds to be controlled via a wireless
connection by the inspector. The inspector will a®at the robot encounters through the camera
attached to the system relaying images back to.a’/R€system should also be able to see
something 10 feet away. This will be accomplishiedugh using a high resolution camera
which will be discussed in greater detail later ®his camera should be able to illuminate the
area and have an adequate zoom to detect a sahtl dihe camera should also be able to relay
back images of the substructure as well. At thistga the project, cost is not a major factor in
the system design. It is envisioned that the systemid cost for about $1,000/day to rent and
around $25,000 to construct.

System Desired Requirements

While the previous section addressed some abssystem requirements, there are also
some desired requirements which may prove to beflmgad in a robotic inspection platform
design. It is desired that the system be abledarcthe particular area of inspection. Cleaning an
area will often be needed because visual inspeiditre primary inspection technique of this
system. This cleaning process can be a major clyaldue to the added weight of a cleaning
mechanism as well as developing a practical clegr@ohnique in which the crack is not
obscured. Using a wire brush for cleaning is thestpoactical way to deal with this dilemma. A
wire brush could potentially obscure the crack, éesv, a wire brush would be lightweight and
also provide the system with a cleaning mechanism.

METHODS

The above system requirements set the foundatiothi project. The steps take to reach
the proposed conceptual design phase can be skesn be

1. Conduct aliteraturereview



The literature review conducted for this projeah de seen in the literature review
portion of this report. Reviewing literature onutistic inspection techniques as well as current
inspection techniques helped narrow the projegdes@mnd present what technologies are
currently commercially available.

2. Establish robotic system requirements

The robotic system requirements were identifiedubh the literature review portion of
the project by observing what the current bridggéattion requirements are for VDOT. Robotic
system requirements were classified as either atescdquirements or desired requirements.
3. Select a bridge to implement such a system

The bridge selected to implement the robotic inpa system is the route 81 bridge
over the James River. This bridge was selectedusedarepresents a typical steel girder bridge
that is difficult to inspect due to the bridge spiaug over the James River. This bridge will be
the model bridge used in the prototype testing plvdishe proposed work plan.
4. Design a proposed virtual model on the system

A virtual model of the system was designed usiolidS/Norks software. Figure 1
illustrates a Solid Works snapshot of the routdB8dge over the James River.

Figure 1. Solid Works Snapshot of Route 81 Bridge over the James River
The inspection platform was modeled to travel gltre bottom flanges of the route 81
bridge over the James River. The bridge prototygsgh is still in the early stages, however,
using software packages such as Solid Works makesier to identify which prototype design
is most effective in the design process.
5. Meet with VDOT for input on proposed system

The project team met with Anwar S. Ahmad of thes&tre and Bridge Division in
VDOT in order to more accurately define the systequirements, as well as get input on the
proposed conceptual design.

6. Refine conceptual design
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The conceptual design was then refined due tinghg from VDOT as well as further
research on the robotic inspection process.

7. Provide project work plan including project schedule and project costs

The proposed project work plan can be seen ineth@ts and discussion section of this
report. The project schedule, as well as projests;avere estimated in order to provide an
outline on how the project should proceed and vidnading is needed. This project schedule is
subject to change and the project costs are as Wedlproject costs could be cut significantly
through possible funding from the Federal Highwalmnistration as well as significantly
reducing indirect costs by going through VTRC.

8. Final report

The final step taken to present this robotic icspe platform project concept is
preparing a finalized report. This report has begtten to inform VTRC of the many
advantages that a robotic inspection platform glesifor VDOT and the entire inspection
community. The report identifies the conceptuaigiesf the system, as well as the project
schedule and costs associated with the system.

RESULTS AND DISCUSSION

The results of this project feasibility study mdé a layout of the following components
that are necessary to move this project forwattieénear future:

- Drive Assemblies
- Attachment Arms

- Module Bodies

- Camera Assembly
- Project Schedule

- Project Costs

These components, together, form the conceptsayef the robotic inspection
platform. These components are outlined in theemsnt sections after the robotic inspection
platform overview section.

Conceptual Design Overview

The robotic platform has four major design elerag¢hat make up the system. These
major elements are the drive assembly, attachnmerg, anodule bodies, and the camera
assembly. At this stage in the design processldtéorm will have three modules bodies, six
attachment arms, and six drive assemblies. The disgembly is located at the end of each
attachment arm and its primary purpose is to attlaelsystem to the bottom flanges of the
bridge. The attachment arms connect the modulesbatid drive assemblies and function
primarily to provide mechanical support for thetfdem itself and attach the assembly to the
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bottom flange. The module bodies are the main corapbof the bridge inspection platform.
These bodies contain the radio equipment, battgy@ser supply, and also the control
mechanisms for the attachment arms. The cameradnda not known yet on the platform
itself, but it is necessary to integrate the canseraewhere into the system. The placement of
this camera, as well as the layout of the initiatptype, will be further refined upon completion
of the virtual modeling stage of the project. Theksnents are discussed in more detail in the
following section. The proposed dimensions of theessign elements are also estimated by
observing the dimensions of the 1-81 bridge whhak tobotic platform will be designed to
maneuver across. A basic outline of the proposs@jdean be seen in Figure 2.

DrlveAssembhes

NN

Attachmen‘tArms

Witidl

Module Bodies

Figure 2. Outline of Proposed Robotic Platform Design

The robotic inspection platform has many systeguirements which are necessary for
this system to successfully function. The systerstrbe able to be controlled by one inspector
from the end of the bridge. This will be done thgbwiireless methods which will be discussed
in more detail in subsequent reports. The devicstmontain an operating remote control range
that can span up to 500 feet. This ensures thah$pector can control the device throughout the
entire length of the bridge. The device must alsalbe to travel out and back, spanning about
1000 feet without battery loss or failure. Thistaisce was reached looking at the 1-81 bridge
span lengths. This 1000 feet simply includes tiagebut and back on one span in the bridge
which means that the system would have to trav@046et to cover all four spans. This 4000
feet is extreme and it is proposed that the battesf the system be changed after the traversing
of each span. These batteries can be replacedeitibatteries or possibly rechargeable
batteries could be on site with a rechargeablehatinit. These are a few of the necessary
requirements of the bridge inspection platform whiere considered during the conceptual
design process.

Drive Assembly
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As discussed earlier, the robotic system containdrs/e assemblies. These assemblies
serve as attachment points to the bridge itse#icifipally attaching to the bottom flanges. The
two primary functions of this element is to suppbe platform and propel the platform forward
or backwards. The drive assembly will attach toltb#tom flanges by either using wheels
pressed against the sides of the flanges or extiemea applying methods such as the use of
actuators or springs. These wheels may be magnmbt&els depending on how the developed
prototype functions. Using magnetic wheels helpigely attaching the apparatus to the bridge,
but problems could arise in pulling off the systéuning its navigation process. Actuators or
springs would be used to push the drive assemblgs& methods involve applying an external
force to the system which gives the advantage joiséidg the amount of applied force, as well
as the assembly being easily pulled away from thgb. The chosen form of connection to the
bottom flanges at this stage in the design prosessuse drive wheels to connect the platform to
the bridge. These drive wheels must also contaainiag clips to ensure that the platform does
not fall from the bridge and potentially harm thdstow the bridge. These wheels serve as the
main safety mechanism of the inspection platfortve Tonnection to the bottom flanges will
consist of three wheels, two on top of the flangeé ane on the bottom to provide vertical
support. The wheels on the top and bottom roll glive bottom flange and the distance between
the wheels need to be adjustable. These adjustdiaels will result in the system being able to
adjust to a change in thickness of the bottom #ardpis is important because most bridges do
not have flanges with a constant thickness.

The drive assemblies will be powered using a @gellectric motor. This is the motor of
choice because the assembly simply needs to gavaad& and forwards and a regular electric
motor control speeds easily. A step motor was @éebdtiring the brainstorming process,
however, it's precise angular rotation controlas meeded for the purposes of this inspection
platform. Each drive assembly will contain onetedde motors and it is important that all motors
run at the same speed at the same time. Theseldsesemust also have some way to sense the
presence of obstructions. This part of the driveeathly design must be treated as a separate
subassembly. The design of this portion must baéiesiuusing the virtual model in order to reach
a recommendation on its design. Upon sensing thiesteuctions, the drive assembly must be
able to disengage from the bottom flange, move dodvwpast the obstruction, and then reattach
to the bottom flange. This critical design elemerit be discussed in more detail in the
attachment arms section. The maximum flange ths@®that the drive assemblies will
encounter will range from about 3/4 inches to 2id¢hes. The adjustable wheels will be able to
deal with this thickness range easily and the dasgemblies should be no more than 6 inches in
width due to the size constraints underneath tlugér near the bottom flange.

Attachment Arms

The robotic inspection platform will consist of sikachment arms connecting the six
drive assemblies to the three module bodies. Azidged earlier, these arms provide mechanical
support for the platform itself as well as attdod drive assemblies to the bottom flange. These
arms must be strong enough to support all forcescéted with the inspection platform. For this
reason, they should be constructed using steel; Sth@uld also be rigid enough to provide
adequate support. As discussed in the drive asgesabtion, these attachment arms are the main
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element that allows the inspection platform to gate past obstructions. The arms must be able
to retract, move forward, and then reattach tdothtéom flanges. These arms must be adjustable,
allowing them to extend and retract due to thidrolstion navigation process. The range of
motion of these arms does not need to be that gixtedue to the minimal size of obstructions
encountered. The arms only need to be able tactetbmut an inch due to the dimensions of
these obstructions. Typical obstructions includéesters that extend to the end of the flange as
well as bearings.

A problem that may occur would be one side ofpfa¢form encountering and
obstruction before the other side. Due to this, fdeise arms need to all operate independently.
If the obstruction is encountered at the same timboth sides, the front two arms retract, the
system then moves forward past the obstructionatims then extend to reattach the front two
drive assemblies, the system then moves forwaitthatmiddle two arms encounter the
obstruction, the middle arms are retracted, theegysnoves forward past the obstruction, the
middle arms are then extended to reattach the mis\d) drive assemblies, the system then
moves forward until the back two arms encountermotbe&ruction, the back two arms are
retracted, the system then moves completely pastlibtruction, and then back two arms are
then extended to reattach the back two drive adsesnlthough most obstructions
encountered are minor, and this process, would seevork, the system will also encounter a
gap between span to span that are much more stibktarsize. These gaps are about 20 inches
on the 1-81 bridge and this 20 inch gap plays eom@le in determining the dimensions of the
attachment arms.

The attachment arms, at this stage in the desmgeps, should be about 30 inches from
the centerline of one are to the center line otla@ro This results in a 60 inch dimension from
the centerline of the front attachment arms tocengerline of the back attachment arms. This
dimension allows the system to have the capalafisuccessfully maneuvering past the gap in
the span to span dimensions of the 1-81 bridgeedkas providing it the capability to move past
minor obstructions such as the ones discusse@emrlihis section. The distance between the
flanges on the bridge directly affect the arm léngteded for the inspection platform. The 1-81
bridge has a span from girder to girder of 4 @ &Rd the flanges also have a length which
varies across the bridge. The estimated lengthisese arms are 1 1/2 feet from each side of the
module bodies. The module bodies will be discussele next section, however, it is necessary
in this section to address their proposed widtB fdet. The arms will span 1 1/2 feet from each
side resulting in the system measuring about 5ifewtdth. These dimensions of the attachment
arms allows the system so span the bridge lengttsaccessfully attach itself to the bottom
flange.

M odule Bodies

The module bodies are the main component of tidgdinspection platform. The
proposed design results in three module bodiesderdo minimize the size and weight of the
system. These bodies contain vital equipment régguttie inspection unit such as radios,
batteries, the power supply, and control mechanfemthe attachment arms. The camera will
also be attached to one of the module bodies aitihds precise location will have to be
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determine through prototype testing. The main enge regarding the module bodies is the
harsh size restriction underneath the bridge. Toduie bodies will move along the bridge via
the drive assemblies movement and will be suspehd®deen the two bottom flanges. The I-81
bridge design has been considered in this stepeadésign process to summarize the types of
obstructions that the module bodies would typicatlgounter. Every 20 feet the system will
encounter bottom cords which are 3 inches aboveothef the bottom flange. For this reason,
the attachment arms are needed to be placed tahatdp of the box so that the box can clear
the diaphragms. These arms only need to be pldmad ghree inches above the centerline of the
box in order to accomplish this goal of moving phst obstruction. Also, the distance that the
platform drops below the bottom flanges should &gt ko a minimum in case of close clearance
with the road below.

At this stage, the box thickness is estimateabaut 6 inches. The two beams used to
connect the system should about 6 feet long inrdodspan the length of the majority of the
inspection platform. Also, the material used toamscthe equipment in these module bodies
should be rugged due to the harsh environmenthlegtwill encounter on a day-to-day basis.
Due to the bodies needing space for all of the maad mechanisms of the inspection platform,
the proposed dimensions are 2 feet in width, 6ifetdtal inspection unit length, and 6 inches in
depth. These bodies can be individually placecherbtidge and then connected to each other
via two beams. These beams can be seen in the figtine conceptual design introduction. The
middle box would be placed on the bridge first attdched to the bottom flange, the beams
would then be slid in, the end boxes would theplaeed in and attached to the middle box in
order to complete the construction of the system.

Camera Assembly

At this stage in the project timeline, the camdez@ment, as well as camera selection,
are not yet know. The camera must be identifiedemaduated during the prototype design
process as well as integrated into the system. Mameras have been observed through a
literature review and it is recommended that thected camera be controlled via wireless
methods and the camera must have the capabilggesent a digital image of the selected
inspection location. Figure 3 shows a potentialwieom the onboard camera. Figure 3 is from
Solid Works and represents the dimensions of theer81 bridge over the James River.

Figure 3. View of Bridge from Onboard Camera

A digital camera is preferred because the imageswach higher resolution and easier to
work with and wireless control methods are needaxhbse a power line is not feasible on a
project where the platform will travel long distascaway from the controller. The dimensions
of the camera should be kept to a minimum, howetierproposed dimensions will be more
accurately estimated upon further investigationtlgh the virtual modeling of the prototype.
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Project Schedule

The schedule for this project can be seen in EiguiThe project is expected to be
completed during eight major tasks. A literatundee has already been conducted at this point
in the project's timeline so this step is not neledde first task is to assemble a team and
finalize the project work plan which is estimateédae month's time. This task involves bringing
all of the respective parties involved together gatling on the same page. The people that will
be needed involve Civil engineers as well as h@mfthe mechanical engineering department.
Civil engineers are needed because they undertandission of the project and are more
familiar with feasibility measures as well as coastts and performance requirements.
Mechanical engineers are needed, specifically thehatronics team, to actually implement the
mechanical aspects of the system and deal witktthetural design of the platform. The
mechatronics team will also help deal with inteigigathe mechanical aspects into the system. At
this point, it is expected that the CE team wilhsist of Professor Chase and a Masters graduate
student, the ME team will consist of an ME professad an ME Masters graduate student, and
technicians and VDOT advisors will be needed as aeging the process.

The second task involves designing and buildingpak up of the test bridge on 1-81.
This mockup will be constructed using timber andxpected to be constructed at the VTRC.
The mock up will be approximately 6 feet tall, #2f long, and 8 feet wide. It will represent two
spans on the bridge and its dimensions will belpédentical to the test bridge. The purpose of
constructing this mock up is to represent the elnake of moving from one span to another, as
well as maneuvering around the bearings. Thisitaskpected to take two months.

The third task is to build a virtual model of tfubdotic platform which gets into much
more detail. This task can be conducted at the $@neeas constructing the mock up bridge. The
virtual model will consist of many parts such as thive assembly, attachment arms, module
bodies, and camera placement. This virtual modasehvill also consist of designing a virtual
mock up test bridge as well as a virtual assembtii@robotic inspection platform. This virtual
mockup can be conducted in a computer packageasuSlolidWorks which was used for
illustrating the appearance of the platform in tieigort. The virtual mock up will also be
constructed using prototype packages that will iregpeeding up the process by quickly
determining what aspects of the system are feasaitdevhich are not. This may lead to yielding
a prototype which does not look like the initiahadiings presented in this report. This step is
expected to take about nine months.

The fourth task involves prototype design and angntation. This is the actual
construction of the robotic platform. This steggtimated to overlap the virtual model
construction by three months due to the computetainioelping speed up the process of
successful implementation through virtual testifigis step involves the design and
implementation of the drive assembly, attachmemisamodule bodies, camera assembly, power
supplies, remote control, control software, andpsupequipment. This task is estimated to be
completed in a time period of six months.
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The next task is lab testing. This will involesting the robotic platform in the lab on
the mock up test bridge made out of timber. Obgems will occur by the design team and the
platform design will be refined as necessary. Thk is estimated to be completed in a time
frame of three months.

Next the field testing will occur which will inveé many trips to the I-81 bridge that the
mock up was modeled after. This testing will alsad to refining the platform design as
necessary. This task will take three months.

The next task is demonstration and delivery whvdhinvolve a public showing of the
platform at work on the 1-81 bridge as well as aesph making those present aware of the
system's capabilities. This task is expected te thkee months to be ready to successfully show
the system.

The final task is writing a final report on theffbrm. This will involve design
specifications as well as many other explanatieganmding the platform's capabilities and test
results. This task is expected to take two moriths.entire project is expected to be completed
in 24 months. These time tables are subject togshdoe to the advancements or setbacks that
may occur during the project's lifetime but Figdreepresents the expected project timeline.

Assemble Team h

Design and Build Mock up -

Build a Virtual Model

Prototype Design and Implementation

Lab Testing
Field Testing _ _
Demonstration and Delivery _ _
Final Report _ q
0 4 8 12 1‘6 20 2‘4

M Task Duration (Months)

Figure 4. Project Gantt Chart Timeline

CONCLUSIONS
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- The paper has shown that the construction of ar@etic platform for bridge inspection is
feasible.Although the development of new technologies tastact such a system are not
realistic, the components of such an inspectiotegysre readily available.

RECOMMENDATIONS

1. The Virginia Transportation Research Council shoiuldd the tele-robotic inspection
platform project which would reduce the indirecst®associated with the project.
2.VDOT's Structure and Bridge Division should consitie use of such a robotic inspection
system for many of the hard to inspect bridgesttéhroughout Virginia.

COSTSAND BENEFITSASSESSMENT

The costs associated with this project can be se€able 1. The costs include the cost of
people, equipment, and travel expenses. As disdwessidier, the costs associated with each
project team member can be seen. The costs cav@rafect's full two year time period. The
cost per hour for the professors is estimated @tr@ir and the cost per hour of the graduate
research assistants is estimated at $20/hourvidherofessors are estimated to work about 400
hours over the two year period, while the GRAsestimated to work about 4800 hours.

Table 1. Project Costs
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Pl GRA

Task 1 160
Task 2 40
Task 3 40
Task 4 20
Task 5 40
Task 6 60
Task 7 2000
Task 8 580
Total 0 2940

Estimated Budget

PI(1) 400 60 24000
PI(2) 400 60 24000
Allowance for salary increase $1,104.00
Fringe benefits - 26.9% $12,912.00

Graduate Research Assistant

4800 20 96000
Allowance for salary increase $2,208.00
Tuition Remission - In-state tuition remission $80,000.00
Health Insurance for GRA $8,000.00
Materials & equipment 70000
Total Direct Costs $318,224.00
F&A (Indirect Costs) =52.5% $167,067.60
travel 3000
Total $488,291.60

These 4800 hours take into account the GRAs wgrgart time during the academic
year and full time during the summer. The main cbshis project is associated with the tuition
remission for the GRAs which is estimated at $80,00aterials and equipment costs were
estimated at about $70,000. This cost covers theasystem, batteries, remote control system,
imbedded computers, electronics, and mechanictd pasociated with the bridge inspection
platform. The travel expenses were estimated &0B3which covers four overnight trips of
three people to the 1-81 bridge site as well a®C1 for conference attendance. The final project
cost is estimated at about $488,000. The proposgeab costs are only an estimate of the bridge
inspection project. This final project cost canréeuced significantly if VTRC chooses to fund
this project. This would cause the indirect costpetage to go from 52.5% to about 12%,
consequently reducing the cost from $488,000 taa$859,000. Also, the cost could be
significantly reduced if the Federal Highway Adnsimation chooses to help fund this project
due to the potentially large positive impacts itebhave on the bridge inspection process.

VDOT Equipment Cost Savings
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The current VDOT bridge inspection process invsli@any support staff members
executing various tasks. The Route 81 bridge wowldlve closing each lane down for about six
hours, spanning two days, in order to inspect satd of the bridge over the entirety of its
length. There are also many pieces of equipmerttatkim order to conduct a safe and accurate
bridge inspection process. The work zone mustdpstains many barrels which clearly outline
that one of the lanes is closed during the proc&gss must be placed far in advance to direct
traffic safely to the appropriate lane. Two to thDOT employees must also be supporting the
work zone throughout the life of the inspectiongass to ensure the worker's safety. A barrier
truck must also be used in order to block off canf potentially entering the work zone. The
inspection truck itself is needed as well in ordelower the inspector to the underside of the
bridge. These trucks are not readily availablethede are only a few of them across the state. A
VDOT employee is needed to operate the inspectiak tand a bridge inspector is needed to be
inspecting the underside of the bridge. These dss pieces are a bare minimum for the
inspection process and result in significant eq@phtosts to VDOT. Using a robotic inspection
system would not only leave the roadway open, iild@ut the inspection process length
significantly due to the truck not needed to mowstmually to observe the entirety of the bridge
length.

Roadway User Cost Savings

As discussed earlier, the bridge inspection potesds to high equipment costs to
VDOT, however, it can also potentially lead to reag user costs as well. Reducing the Route
81 bridge to one lane for six hours, over two dayh,result in a significant capacity reduction.
This reduction in capacity can lead to the fornrabba queue at the bridge, losing roadway
users valuable time. The software package QuickZaseused to estimate and quantify work
zone delays and user costs associated with suctigelzlosure.

The QuickZone package was created by the Fedeghindy Administration as an easy
to use analytical tool allowing for quick and flblka estimation of work zone delays. The
software employs a range of Excel dialog and wagkshand the tutorial outlined in the User
Guide gives step by step instructions on how totlisgrogram. Inputting the requested
information results in four printable output screevhich are a project delay summary, travel
behavior summary, life-cycle delay costs, and araamy table. QuickZone Beta Version 0.99
was used for this project.

A simple network was constructed using QuickZan#lastrate the delays and costs
associated with the bridge inspection process.network, consisting of links and nodes, was
programmed for quantifying the impact on 1-81 byrging various parameters such as link
volumes and link capacities. This network can Ense Figure 5.
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Figure 5. Screen Shot of QuickZone Network

As can be seen in Figure 5, the red area illestrtite 1-81 bridge workspace, whereas the
blue area illustrates the detour route. The ligheg area illustrates the southbound and
northbound approaches. The network above is sirbplgt yields an estimate to quantify delays
at the section of interest on Route 81. The dauk ldietour route represents Route 11/Main
Street at the study area. The analysis was cordiugte one lane closed in the Southbound
direction. The links and nodes of this network weeéned by distance, volume, and speed. It is
assumed that the free flow speed over the bridg@é imph while the free flow speed on the
detour route is 30 mph. The goal of using QuickZdoeour purposes, is to quantify the user
delay costs spanning one inspection period of six$y over two days, on the I-81 bridge. The
link volumes were determined through the VDOT webkioking at traffic volumes estimates
for Botetourt County in 2008. This location is nda Roanoke, Virginia line and is closest to
the Route 81 bridge of interest. The one way AMDT for Route 81 south across this section
is estimated at 16,000 vehicles per day with stpercentage of 32% (Botetourt, 2009). This
truck percentage is needed to quantify the uses @as day in QuickZone. The cost of delay per
vehicle was input as $11.84/hr by assuming thatiiay cost for a passenger car is $8/hr while
the delay cost for a truck is $20/hr. The truckcpatage is also used to input an equivalent
passenger car volume. QuickZone simply asks falawe input, so it is necessary to calculate
and equivalent passenger car volume. One truauvalent to approximately 3.5 passenger
cars. Multiplying the truck volumes by 3.5 and adgihem to the 68% passenger cars yields
and equivalent volume of about 28,000 vehiclesdagr This value will be used as the volume
input into QuickZone. A project length is also needn the QuickZone software. It will only
allow for a minimum of one week inspection timetlse inspection was programmed to span one
work week, over a Wednesday and a Thursday fan@ixs each day between 9 am to 3 pm.

The equivalent passenger car volume at the latatianterest is 28,000 vehicles per day.
This input value was averaged across the houitseodlay using QuickZone default average
percentages taken from AASHTO. The bridge contlauaslanes, with a capacity of 1200
vehicles per hour, per lane. The QuickZone analgglaced the capacity of the Southbound
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direction by 1200 vehicles per hour, per lane,aively reducing the capacity to that of one
lane. This reduction in capacity will lead to lomgeue lengths, increasing the roadway user
delay costsThe QuickZone system was then run to produce vatiables to quantify the delay
caused by this inspection process. Figure 6 ibtistrthe delay graph for the inspection process.
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Figure 6. Delay Graph

As can be seen in Figure 6, the delay occurs duhe inspection hours on Wednesday

and Thursday. The delay steadily rises after tamm9nspection start time and steadily decreases
after the end inspection time around 3 pm.
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Figure 7 illustrates the cost of the inspectionjgut. The 0.01 million is the infrastructure
cost, but the roadway user cost is estimated &tillion, or $130,000. This is the total cost to
the roadway users for one inspection. Table 2 steostanmary of values calculated through the
QuickZone simulation.

Table2. Summary Table

BRIDGE INSPECTION
R 9 AT Difference From Baseline
Queue Delay Phase Travel Behavior (Weekly) Cost
Weekly Weekly Weekly Weekly Phase Take Cancel Mode Infrastructure | Delay
Title Max (mi Total (mi) | User Max (min) Average (VH) Total 1000 (VH) Detour (V) Shifting Trip (V) shit (v) | milions § | millions §
INSPECTION 0 0 387 1260 il 5004 5355 329 329 0.01 013
INSPECTION 1 0 0 357 1241
INSPECTION 2 0 0 357 1260
0.01 013
Input Data
General Data Travel Behavior Mitigation Strategies
Start Ending Day in WZ Links affected Mode | Cancel 1THR Endure Retiming VMS Lane Reversible|
Title: Time Time Effect link # [Cap chg Shift Trip Shiftin Mainline_|Det # [Max%]| _(On/Off) Widening | Metering |Campaign| Lane
INSPECTION
INSPECTION 1 9:00 15:00 w 2[1200] 3% 3% 20% T4% MN/A Off Off Off Off Off
INSPECTION 2 9:00 16:00 Th 2[1200] 3% 3% 20% 4% N/A Off Off Off Off Off

The two day inspection process results in a tathicle delay of 11,000 hours. This
summary table also shows the $130,000 total delaiydiscussed earlier. The travel behavior
table shows default percentages which may notuseftrr our study area. The $130,000 estimate
is conservative due to nearly 100% of travelersuengd the mainline at this location. The
average user waiting time of 35.7 minutes is afgmws in Table 2.
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Summary

The proposed project cost is currently around @@ This cost can be cut significantly
down to about $359,000 through VTRC funding and Fd¥duld also potentially help in the
funding process. The cost savings of such a systanie divided up into VDOT inspection
support equipment savings as well as roadway a@semgs. As discussed earlier, the current
VDOT bridge inspection process involves many stagimbers as well as inspection related
equipment. The proposed inspection platform wilebé to be used time and time again. The
roadway user costs were also discussed and th&Zauie delay software was used to quantify
the effects of closing down one lane during thedmiinspection process. The results showed
that the average inspection costs users about@1@0T his could lead to the conclusion that
roadway users are greatly affected, however, tisemaother item to consider. Motor vehicle
travel through a work zone has also been shownciease the risk of a crash. Between 50-75%
of crashes are due to multiple vehicle collisiomish the next most common crash type is
collisions with fixed objects in the constructiatesmost evidently at night (Sorock, 1996).
These crashes occur mainly due to driver inattantailure to yield right-of-way, following too
close, and traveling at unsafe speeds. Work zafiectmeasures can also lead to road user
fatalities. Virginia alone has seen 98 fatalitiesur in the construction zone from 2004-2008,
with a peak of 30 fatalities in the year 2005 al@Work, 2010). These instances may seem rare,
but when they do occur, they result in an extreost due to the loss of a life. The use of a
bridge inspection platform for bridge inspectionuibeliminate the need to have a work zone
which would result in the roadway users' chanceanddiccident, or potentially a fatality,
reducing. Also, the volume across the bridge ctwldnuch greater for other bridge locations. A
significant rise in capacity would lead to a muafhler cost to the users during the inspection
process. As it stands, conducting an inspection ieRoute 81 bridge three or four times
would more than pay for the cost of an inspectiatfgrm. The costs associated with this
robotic inspection platform are high, but the dpitd use the platform repeatedly, as well as the
benefits to VDOT and roadway users, prove thatpghogect will result in a benefit to all parties
affected by the bridge inspection process.

Conclusions

The proposed robotic inspection system may havgladevelopment cost, but this high
cost is offset by its large benefits. Bridges whieve not been able to be inspected due to high
traffic volume of harsh conditions can now be irpd using the proposed system. Also, the
system can be applied to bridges over and oveutfiraut the bridge's lifetime. This will also
lead to VDOT successfully monitoring each bridgetsad a bridge failure that is not expected,
will not occur. These rare, but catastrophic everdst a great deal of money when they occur as
well potentially result in a significant loss ofdi The benefits associated with such a robotic
inspection system result in significant cost sasitggVDOT as well as the roadway users during
the bridge inspection process.
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